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THE CRLLULAR STEUCTURE OF THICK-LAYBRED AMODIC OXIua FILMS

By
N. D, Tomsshov end F, P, Zalivalov

Thiock-layered cxide films (of a thiockness of 25 to 20C miorone) anodi-
oally formed on the surface of aluminum and its alloys have great prectioal sign-
ifioance due to such valuable propsrties as high reaistance to wear bdy attrition,
high heat and eleotrioal insulation qualities, ocondidsradle toughness in mesh-
ing with other metals, and high resistance to oorros.ion [1-—339 T™he properties
v, anodio oxids films are determined by their structure, which in tur. depends
on the conditions of the ~leotrolysis.

A ocons:derable adount of work has been devoted to the investigetion of the
struoture of anodic films octained on pure aluminum dy foreign and domestioc
authors T4—8], acoording to whioh the structure of these films represents s
dense pecking of 2xide units of hexsgonal form set perpsndicularly to the sur-
face of tho metal sand s0lidly welded to each other by their latersl fuoee (Pig.
1), Beoh unit (or oell) conaists of s centrally looatad pure, the wails of the
oxide csll, and s thin leyer of oxids of the barrior type (barrier film) as its
boaie, The diameter of the pors is determir sd mainly by the ocharacter of the

eleotrolyte and does not depsrd on other conditions of the arode prooceas,

The study o® the struoture of the anodioc ozxide films, along with o great
deal of theoretiocal interest, has direot precotioal mignificance, inassuoh as
it enables ons to mark out ways for the oreation of new coatings with proper-

ties given beforehand and also to procedd to the explamatisn of the strusture

and properties of anodis films obdteined on aluminum allows, The purpcee of this
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present work is osntersd in the determinmation of the guantitative intersonneo~
tion between the thic nese of 236 barrier layer of tse film and the dimensions
of the oxide cells,

Por objecte of resoarch there were ohosen specimons of aluminum of the
drand AVO00 (99,99% Al) whioh were then anodiocally oxidised (ancdised) in 4-n
7,20, ¥11k ourrent demsitiss of 2,%; S, and 10 unp/hnz and *he shaping voltages
ocorresponding to them (B) 22, 25, and 27 v, The temperasurs of the olsatrolyts

during the anodising wes meintained at about — 2 . Tor comparison we resesrch-

ed the struoture of the anodic ocell obtained in the
ordinary procodure of the anodic process:t density
of the ourrert 1 snp/dn2 {shaping voltage 10v),

temperature of eleotrolyte 2¢ , The procedure

and conditions of the snodising are desorided

@ore in detail in other reports [9, 10]). The

Pig. 1. Schematid presenta~ dimensions of she oxide oells are determined

tion of tho struoture of the I[Tom photogrephs odtained with the eleotron micro-
oells obtained im anodis ox- 900pd F-3 with the aid of ocollodion and carbon
idation of sluminum sulfurio “"piioss [B], Tuc ihickness of the barrier layer
acid, 1—oxide oell,2—pore, °f the snodic fils was determined by the aleotro-
J—wall of oxide oell,{—ba- Ohesivcal method (11], besed on the measuroment of
rrier layer, 5—elusimum, 6— ‘B¢ dependence, voltage-amperage in alkalised 3-
impressions of oxide oells on Percent solution of isrtaric aoid (pH = 5,5) in
surfsce of alumizum after res Whioch the rete ox the growth of the barrier ie
sovel of anode film: C 1s ©®dusl to 14 i/v. In sccordance with these dats tne
dimension of oxide cell equel ‘R10kness of the barrier layer (A) is equal to the
to diameter to oirole 1n.°r1_,ronrtianfolé sAzimum termina. voltage of the oirou-

Bed in hexagon, C 18 t2e it ia volts at which the ourreat doem not rise shar-

same dut for oiroumeorided Ply. e latter is odserved at the rise adove the
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ocont, Fig. 1.

voltage at whioh thore was formed the given barr-
cirole, 8--thisckness of

fer layer,
barrisr layer

In the article two questions are considerdi,

1, Keeping in mind that ¢hs oxide film is formed in the berrirr layer it is
naturel o assume & definite depenience beiveen the thioknesa of the barrier lay-
oi #m? *he gize nf the ~vile 09ll (Bee Pig, 1), The first attempt 1c find such
& dependence was made on the dasis of theoretioal premises in the report (4] in

which the rialationship between the sise of the oell Cyy, &qual %o the dismeter

of the cirole insoribed ir the hexagonal cell and the thickness of the barrier
layeréis ezpreseed by the formuls Cpif =\/2 6, In the following work [5] the oon-
nectian bdbetween the sise ~f the oell and the thiokness of the bderrier layer, whioh
was chtained on the basis of experimentel data, is determined by the oquation C
g ® 1676 + p, where p is the sise (diameter) of the pore, In the work _7] it
is pointed out that ia acoordance with ocsaloulations tho dissance between the por-
es oannot yxoeed twice the thiokness of the barrier layer and ordipmarily is squal
to its thioknoes, i, o,, One oan write that Ops —=% By rewriting the abvove-pre-
sented equatioms Cpy &/ 28, Gq = 167 6 + p and Cym=~61in the form of & retio
of the thiokness of the wall of the oxide cell LCJAFE.L to the thiokness of tre
barrier layer ({) we shsll have correspondingly

Lozl 07 ‘* " 0835 u Con =P (-5,
a O 2

1, o,, the retio c%:n-'hioh ocharecterises the oconneotion of the thickness of
the wall of the oxide seil with the thiokness of the barrier layer in all d>ases
less than unity,

In Table 1 thers are ahown the figures f~r the dimensions of the desoribed
celles of anodin filwe and tie {hicknesc of ths serrier laj;er Corresponding to them,
wvhich were obtained exparimemtally for four procedures of ancdic oxidation of

slusinum, ¥inoce the cell has & six-sided form in the tadle ihere are given two

PTD-IT-64-598/1e2
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dimensions of ths oxide oell: one equal to the diameter of a oirole deesorided
in the hexagon (Cyy) and another equal to the diameter of s oiroumsoridbed circie
(€4 1)

The retio of the thiokness of the wall of the oxide cell to the thiokness
of tke barrier layer, i, eo,, the -.pitudoc 68 is seen from Table 1, lies
within the limits of 0,802 to 0,811, The ntu—ﬁﬂ computed from the oell equal
to the diameter of oirole olroumsoribing the hexagon is equal to 0.958—9,994, i.
6., 50 the greatest 4dogres approeches unity, In faoct the most prodadle retio, so
it seema, will be¢ the qunty-c-ég-:s-'-'i- = 1, where Csﬂ i¢ the maximm possible
dimenticn of the sell (socording %o the oiroumsoribed sirole). Then the greatest
mignitude of the siu of the cell in sooordance with insorided cirsle {C]. ) will
be equal to cg“ _{_nvhm k 18 the soefficient whioh detersines for the correct
kexagon the retio of the diameter of the oircumscribed oirolo to the dismeter of
the insoribed oirel: (x « 1,154)., Ir this way one msy oonclude that the desio
relationship which decermines tho struoctural parszeters of the thisck~layer ancdio
film ig ti0 Nquaiica F 1, The figures of the dimensions of the oxide cell
sre deistwiged in *he following forms Ci = 26 + p and Ch -—-i-\ Al)l other re-
lationaing prore i be more Or less nracise approximations tc these eq.ations,

As an example whink oonfirms the 6lass connection of the thickness of the
»arrier layer with the sise of the oxile cell one mey use the temperatures given
in sooordance with the effect on thea, As is sees from Pig, 2 and Fig, 3, with
the rise in the temperature of the eleotrclyte, there is & drop in the thickness
of the barrier layer and the sise of the oxide oall, ’g’mo the two experiments
woere st up irn somewhat A . ¢t onditions they 4o mot allow s numeriosl com-
parisoa of those values, However, the conformisy $¢ law {r the two canes is iden-

{oal,

2. In the resesroh of the eellular st—usture ot the thiok-layered anodio

films the most oharsoteristic fore of the sutus] oriemSation is the strict
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Table 1

Structural characteristios of anodioc oxide f1ilms obtained on aluminum with ordinary and thiok-layered

Method of anodizing and
overall thigknessof annde

layer in miorons

Ordinary anodising
t = 20°,
a** = 7 microns
Thick-layered anodizing
t - 27,

a =« 100 microns

anodiizing in 4-n H

- —————

w

|

* Dimension AnwnBOeoﬁv of pore for ail

constant and aqual to
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#%3 — overall thickaess of arnocdw film
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¢ lerliness (rogulurity) in the arrangement of the oxide oells. This can be
seen from Fig. 4, § and b, where there ar. ;rTesented the electron-mioroeco, e
pioturss obtained by us of the oellular structure in two mutually perpendisular
planes, As is seon from Mg, 4, g, each oell, judging by ite impression >n
the photograph, borders on six adjoining oells, forming a solid packing of
hexagons, reminding one of a beehive, As is known the most solid paoking of
spheTes is suoch ar arrangement of them that eanh sphere has six neighbdors in
contaot with it. Therv is no other way of arranging a solid layer of spheres,
and the bases of oxide ocells represent spheres, close in thair geometry to heu-
ispheres. Therefore the form of the oxide oells oorresponds to the form of
hexanedrons,

In acocordanos with our oomoept the orderly oellular structure is formed

.- in the foi-
ot i
L s,‘# lowing way.

N mbl

!m ”!f" In trhe be-

'Z L & Sty
= A .
} B ] [] » (% Tennepompa ¢ ginning af-
o , -
fw Y]
lar the

Fig. 2. Bffeot of temperature Fig, 3, Effeot of temperature on sie

formatior of
of sleotrolyte on the thiok- of oxide ocells of anodic oxide fil

the thin
nsas of the barrier layer od> obdtai .ed unde~ fol.owing cenditionas

NCoNPOr<Us

tained on pure elusimum in 99, ¢G~paroent AL, 4-n 3?394. Da -

[p]
4 7 A
4-n B,80 , 2.5 azp/dm”, T= 0 min

legendt {1) thiokness of darrier layer, .2’ tempera‘urs, -}

aize of -xide oelis, (4) tempersturs,
on the sur-

faocoe of the mstal in the prooese aof i{ts anodising there are formed separate
oel!ls oorvespording to those plaoces in the filix where the pores are Zorwed,
The presenos of .uach places is dstermined Wy e6cwe kind of defeots ir the
tarrier film whioch mcrs easily are wsudjested tc the caustic sotion of the
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Fig. 4. Bleotron-microscope photographs ob—
tained ¢f the surfaoce of thr aluminum after
removing the ancds film {a; end fros tte
surfaoce of the longitudinal shear of the
fiim (b). The film was obtained in 4-n.
1430, at 0 ¢ 5 llp/dl2. Collodion-~carbon

impressiont a - 122,004 b - x15,000.

eleoirol; e,

As the ohaping voi‘ale
betwsen theoxisting ocells
inoreanes nuw oslis -re
formed gradually filling
the whole surfaoce of the
metal, Apparently, sven
an earlier furmed hexi-
achere of a cell ocannot
grow unlimitediy, since its
dimensions will be deter-
mined by the applied volt-
age and the oconduotivity
of the film, However,
without doudt in the in-
it‘al moment of the ‘crma-
tion of the film t:e {imer-
sions of the cel's will be
naturally somewhat ii{’feren?
‘rom eaoh other, sinoe later
the formation of osells will
give less time for their
growth, and the oenters of
the oellm will de arrangsi
chaotioally without any

definite orisniatizn., Jich

a situation refers to the initial period of the “oreation cf the porous ;art cf

the filam,

FTD-TT=64-558/1 + 2 7




Aftar the aseparate oslls look together and cover the whole surface of
t.e metal the ocelis oan then only grow in depth, Under these ocnditiona,
apvarently, each c¢xidy vell whioh hae a lesser hemisphsre (having delayed
frc- the veginnirg of tha gr.sth) will have wore poseibility for growtk since
‘hese cells are disiinguisued by the lesser thickness of the barrier layer.

I thi® way in ths beginning of the prcoess of the formation of the porous
part =i the fiim tnere is .baerved a oceriain disorder, irregularity in the
gir.ctre of the cxide oella,

‘ne may sesume two variants of the trangition to the strictly orderly ocel-
luler struciure, The first oonsists in the "squeezing" of some cells by
cthers, i, e.,, separ=ts sslls will in the process of thei: growth in depth grad-
ually orowd ‘h¢ir neighbors, lining up ses to dimensions and and regrouping so
a8 0 oreste as much as ~oseible a more compact pseking. But in this ocase
the numter of orlls ocoming into existence at the very beginning should de pre-
served througnout the whole anodio proocess, Since the number of first ocells
san 1n general be iudelinive (1, e., their numbe: io & greater or lesser degres
+ifvers frem the miaber of oells ocorresponding to an orderly structure), tuere-
fora th) average dimensions of thwe ocells in esch separate cas~ should vary,
whioh, as is known, is not so in prectioce.

The seoond, as it seems to us, morev real variant oonsists in th: reorgan-
‘sation of the cells themselves in the prcoess of their growth, In this
CaB® the rearranging of the ocells results in this that out ¢ a greater
mimber of ocellsa smaller number is formed- -too often the arr.nged oculls wil.
vieand, Such a reorganisation is schematioally presented in Pig, 5. hs a
reault the oells are aligned in acoordance with their dimensions, But in
tuis oase the oells will tend to align themselves not in a general way but

Con—p

arouni a definite maximum dimension determined by the oquution-—-ag-— -1,

“nly efter tnis each 0ell gete equal possibdility for its growth, And as r00n

FID-TT-54-5081 + 2 )




as the dimsnsicns of the oells bucoms 1dentiosal the schems of their arrangs-

mant takes on a striotly orderly appearance.

This will ocorrespond to the sta-

bilisation of the structure of the anodio film.

Fig. 5, Soheme of the arraigement of

the orderly ocellular struoture on

the surtface cf alumimum wiith wnifcorm

gtruoture of the metsl:?

a==initial

moment (disorderly struoture)j be-

rearrangement of the struoiure, o=

orderly (regular) structure,

The poseibility of suoh & reorgani-
zation was shown in the following experi-
ment, At the time of the snodising the
density of the ourrent ohanged (from 2,5
to 10 anp/d.m2 and vioce versa)., After
this the electron-miorcecopy investigated
the oellular struoture on the boundary
separating the metal and the ocells (after
removal of the film), As is seen from
Table 2 with tho ohange in the denr.
of the ourrent there was a change also

in the dimensions of the oxide ocells

(snd consequently of their mumber), i, e.,

Tabdle 2

Dimensions of Oxide Cells with Charge of Denaity of Current in the Proocess

Oxidation of Aluminum (4-n, Hy30,, t = —2°)

T‘tim of | aizse | Change in sise of oell, A -

density ancdie | of L : = - .
¢f ourrent oxida~- ells | theoreticel observed

amp/dm? tion, i

L _min S

. 17 B0 - - ;

1 10 £ -

2.591C 100 560 70 480 |

1092.¢ 10410 490 - -60 |

i ———

there ocours s reorganisation in the struoture of the film itself (the pluse

aign indicates inorease in the sise of ocells; the minus sign, deorease).

FTD-TT=64-598,'1 + 2

~e




in this way the reorganisation of the structure of the oxide¢ oells
ir “he prooess of anodio oxidation is quite possibdle.
Conolusions

1. It mas besn shown that the bdasic ratio which determines such struotural
parameters of a thick-layer anodio film as the size of the oxide ocell (Cé")
and the thiockness of the barrier layer is the equation

2
where p is the diameter of the pore.

2. The.® has been presented the mechanism for the formation of the order~
17 zellular struoturs acoording tc which with the shaping of the oxide ocells
tuere osours rot only a qualitative (changes of dimensions) but also a quanti-
tative reorganisation of the cellular structure.
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